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Measurements which probe the energy dependence of a s , the coupling strength of the strong interaction, are 
reviewed. Jet counting in e + e~ annihilation, combining results obtained in the centre of mass energy range 
from 22 to 133 GeV, provides direct evidence for an asymptotically free coupling, without the need to determine 
explicit values of a s . Recent results from jet production in e p and in p p collisions, obtained in single experiments 
spanning large ranges of momentum transfer, Q 2 , are in good agreement with the running of a B as predicted by 
QCD. Mass spectra of hadronic decays of r-leptons are analysed to probe the running q s in the very low energy 
domain, 0.7 GeV 2 < Q 2 < M 2 . An update of the world summary of measurements of a s (Q 2 ) consistently proves 
the energy dependence of a s and results in a combined average of a B (M z o) = 0.118 ± 0.006. 



1. INTRODUCTION 

Since Quantum Chromodynamics [Q and the 
concept of asymptotic freedom Q were intro- 
duced to describe the dynamics of hadronic pro- 
cesses at high momentum transfers, several "key" 
predictions of the theory were successfully tested 
by experiment: 'Evidence for jet structure in 
hadron production by e + e _ annihilation' was 
found in 1975 ||, the gluon was explicitly ob- 
served at the PETRA e + e~ storage ring in 1979 
Q). The first measurement of the coupling 
strength a s , the basic free parameter of the the- 
ory, was reported in that same year g, based 
on leading order perturbative QCD. The first de- 
termination of a s in next-to-leading order (NLO) 
QCD dates back to 1982 §]. 

After these pioneering years, many further tests 
of QCD were performed in e + e~ annihilation, in 
deep inelastic lepton-nucleon scattering and at 
hadron colliders. In 1988, first evidence for the 
running a s was obtained from the energy depen- 
dence of 3-jet event production rates in e + e~ an- 
nihilation |t| . An update and a summary of these 
measurements will be presented in Section 3 of 
this review. 

Although many determinations of a s , in the 
energy range of Q ~ 4 to 46 GeV, were avail- 
able by 1990, the running of a s could not con- 
vincingly be seen from those results ||. Only in 
1992, a compilation of measurements of a s in the 



energy range from 1.78 GeV (the mass of the r- 
lepton) to 91.2 GeV (the mass of the Z°-boson), 
could demonstrate the characteristic energy de- 
pendence of the strong coupling || . 

The actual evidence for the running coupling 
strength or, equivalently, for asymptotic freedom 
is summarised in this review. The results from 
jet production rates in e + e~ annihilation are pre- 
sented in Section 3. Recent studies of jet produc- 
tion and of the proton structure function Fi in 
deep inelastic electron-proton collisions are dis- 
cussed in Section 4. New results from jets in pp 
collisions and from hadronic decays of r-leptons, 
demonstrating the energy dependence of a s in 
ranges of very high and very low momentum 
transfers, respectively, are presented in Sections 5 
and 6. An update of the world summary of ev s 
measurements is finally given in Section 7. 

This report is restricted to results which were 
published at the time of this conference; prelimi- 
nary results are not taken into account. 

2. QCD AND THE RUNNING a s 

Within perturbative QCD, the energy depen- 
dence of cv s is given by the /3-function: 
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where Nf is the number of quark flavours with 
masses less than the energy scale fi. A solution 
of Equation 1 , in third order expansion, is flG] 
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At large energy scales /a, or equivalently at 
small distances, a s vanishes logarithmically; this 
behaviour of a s is called 'asymptotic freedom'. 

In this report all calculations, equations and 
results refer to the 'modified minimal subtrac- 
tion scheme' (MS) [jnj. More detailed informa- 
tion about the basic QCD equations and for the 
treatment of heavy quark flavour thresholds can 
be found e.g. in EMI- 



3. JET RATES IN c+c ANNIHILATION 

Studies of hadron jets provide the most intu- 
itive tests of the underlying parton (i.e. quark 
and gluon) structure of hadronic events. The 
most commonly used algorithm to reconstruct 
jets in e + e _ annihilation was introduced by the 
JADE collaboration jjj: the scaled pair mass of 
any two resolvable jets i and j in a hadronic event, 
Uij — Mfj/E% is , is required to exceed a threshold 
value j/cut, where E v i s is the total visible (mea- 
sured) energy of the event. In a recursive pro- 
cess, the pair of particles or clusters of particles 
which has the smallest value of yij is replaced by 
(or 'recombined' into) a single jet k with four- 
momentum p k = Pi + Pj, as long as y tj < y cut . 
The procedure is repeated until all y^ are larger 
than the jet resolution parameter y cu t, and the 
remaining clusters of particles are called jets. 

Several methods of jet recombination and defi- 
nitions of Mij exist, for which QCD predictions in 
complete O(a^) perturbation theory juj, based 
on the matrix elements of Ellis, Ross and Ter- 
rano |15|, are available. In O(a^), the relative 2-, 
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Figure 1. The ratio r of 3-jet event rates, calculated 
from JETSET QCD shower model events before and 
after hadronisation, as a function of E cm , for different 
jet algorithms. 



3- and 4-jet production rates, R n — Un-jet/otot) 
where <7tot is the total hadronic cross section and 
Cn-jot are the cross sections for n-parton event 
production, are quadratic functions of the run- 
ning coupling constant Qt s (jj,). In particular, 



a s (/i) 

R3{yc,Li) = A(y c )—— — \-B{y c ,x^) 
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where /i = x^E cm is the renormalisation scale at 
which a s is evaluated, x^ is the renormalisation 
scale factor and y c = y CU f 

The energy dependence of R3 is only deter- 
mined by the running a s ; the scale factor - 
although it's optimal value is not given by the 
theory - is not expected to change with energy. 
Jet production rates are therefore an ideal tool 
to test the energy dependence of a s , without the 
need to actually determine a s itself. 

The first analysis in this sense was done by 
JADE §. The original JADE (also called E0) 
scheme with M?- = 2E i Ej(l — cosfty), where 
Ei and Ej are the energies of the particles and 
9ij is the angle between them, has the small- 
est hadronisation corrections with only a weak 
dependence on the centre of mass energy, E cm . 
This is demonstrated in Figure 1, where the ra- 
tio r = i?3(hadrons) / i?3(partons) predicted by 
the JETSET QCD shower model CI is plotted 
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Figure 2. Energy dependence of three-jet event pro- 
duction rates R3, using the JADE E0 jet scheme with 
J/cut = 0.08. The measurements are compared with 
predictions of analytic 0(a 2 ) QCD calculations, with 
the hypothesis of an energy independent a a and with 
the abelian vector theory in 0(o? A ). 



as a function of E cm , for constant values of j/ cu t 
|r7fl . For all jet algorithms, the quantity (1-r) 
shows an approximate 1/E cm behaviour at large 
E cm , as expected for non-perturbative hadroni- 
sation effects. At smaller energies, usually for 
\fVcutEcm < 7 GeV, r increases with decreasing 
E cm because of misassignments of jets, caused by 
hadronisation fluctuations and heavy quark de- 
cays. For the JADE E0 algorithm, |1 — r\ is small 
enough and the energy dependence of r is suffi- 
ciently flat for E cm between 25 and 200 GeV to 
be approximated by a constant within a system- 
atic uncertainty of ±2%. This feature makes an 
important impact on the experimental evidence 
for asymptotic freedom. 

A compilation of the experimental results of 
i?3, analysed with the JADE (E0) jet finder at 
different E cm using y cut = 0.08, is presented in 
Fig. 2 @,[jjjl|] . The data are compared with fit 
results of analytic 0(a 2 ) QCD calculations juj, 
of the hypothesis of an energy independent cou- 
pling constant and of the abelian, QED-like vec- 
tor theory in 0(a 2 A ), where a a was adjusted such 
that the jet rates at E cm = 44 GeV are repro- 
duced @. 

For the QCD predictions and the hypothesis of 
a s = constant, the free parameters A-p^ and a 
constant 3-jet rate < R3 >, respectively, were de- 
termined by minimising \ 2 for the data from E cm 
= 29 to 133 GeV. The data points at E cm = 22 
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Figure 3. The same data as shown in Fig. 2, 
combined at similar energies, now as a function of 
l/]n(E cm ). 



GeV were not included in the fit since hadroni- 
sation effects may already bias the measurements 
at this energy, see Fig. 1. 

For QCD, the fit results in A^ = (253 ± 

12 MeV), which corresponds to ct s (M z o) = 
0.120 ± 0.001 (stat. error only), and x 2 = 8.1 for 

13 degrees of freedom^, corresponding to a confi- 
dence level (CL) of 84%. A linear fit through the 
data (not shown in Fig. 2) gives \ 2 = 12.7 for 12 
degrees of freedom (CL = 39%). The hypothesis 
of a s = constant with x 2 = 72 (CL = 3.4 x lO" 10 ) 
and the abelian theory, the \ 2 of which tends to 
infinity, are entirely ruled out by the data. 

The experimental evidence for asymptotic free- 
dom is further demonstrated in Fig. 3, where 
the same experimental data, however combined 
at similar cm. energies, are plotted as a func- 
tion of l/\n(E cm ). The dashed line is a fit to 
the leading order QCD prediction, namely R3 oc 
a s oc 1 / In E cm . The corresponding prediction in 
0(a>s) is also shown, indicating that higher order 

* In order to account for the small, energy dependent 
hadronisation effects as predicted by the model calcula- 
tions shown in Fig. 1, a relative systematic point-to-point 
uncertainty of ±2% is included when calculating x 2 . 
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terms affect the energy dependence of R3 only 
slightly. At infinite energies (l/ln(£J cm ) — * 0), 
i?3 and a s are expected to vanish; an assumption 
which is in good agreement by the data. 

While the most recent data from LEP-1.5 
(E cm ~ 133 GeV) are statistically very limited, 
which will most likely not be improved in the fu- 
ture, it is expected that LEP-2 (E cm ~ 175 GeV) 
will provide another data point with an absolute 
error of A(Rs) ~ 1%. The significance of data 
from future high energy e + e~ linear colliders can 
be inferred from Figure 3: at E cm = 500 GeV, the 
statistical error A(i? 3 ) for 1000 hadronic events 
will be about 1%. From the point of view of the 
previous experiments at PETRA and PEP and 
with the eyes of QCD, i.e. on a logarithmic en- 
ergy scale, a linear collider at E cm = 500 GeV is 
almost half-way to infinte energies! 
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4. RUNNING a s FROM e-p COLLISIONS 

In deep inelastic electron-proton scattering 
(DIS), hadronic final states can be studied in 
a wide range of energy scales Q 2 , the squared 
four-momentum transfer from the incident lep- 
ton. Both experiments at HERA, HI and ZEUS, 
determined a s (Q 2 ) from jet rates measured in the 
energy range of 10 GeV 2 < Q 2 < 4000 GeV 2 
pO| , pT[ |, using a modified JADE jet algorithm 
where the proton remnant is treated as a pseu- 
doparticle which carries only longitudinal mo- 
mentum (i.e. along the beam direction). 

The jet resolution parameter is given by y c — 
M 2 j/W 2 , where W is the invariant mass of 
the hadronic system and Mij the invariant pair 
masses of all objects used including the pseu- 
doparticle. This choice of algorithm ensures a jet 
classification which is similar to that used in e + e _ 
annihilation. The jet production rates Rn+i are 
calculated from the number of events with N re- 
solvable jets inside the acceptance region, where 
"+1" denotes the pseudoparticle (or pseudojet) 
from the proton remnant. 

In DIS, jet rates by themselves cannot demon- 
strate the running of the coupling since theory 
predicts that the QCD coefficients of a s also de- 
pend, in contrast to the case of e + e _ annihila- 
tion (see Eq. 3), on Q through the parton density 
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Figure 4. Measurements of a B (Q 2 ) from jet rates at 
HERA. The curves are the results of a QCD fit to the 
data (compilation from E3]). 



functions. QCD predictions for (1+1) and (2+1)- 
jet events which are complete to 0(a 2 ) are 
therefore used to extract a s for different bins of 
Q 2 . 

The results are compiled in Fig. 4 p3fl . Al- 
though the overall uncertainties, both statistical 
as well as systematic, are still rather large in these 
measurements, the general trend of a coupling 
which decreases with increasing Q can clearly be 
seen. The lines in Fig. 4 indicate the results of 
a QCD fit through the measurements, which ex- 
trapolates to a s (M z o) = 0.120 ± 0.005 ± 0.007. 

In another study of the HERA data |24|] , a s 
is determined from the proton structure function 
F%(x,Q 2 ) at small x and Q 2 < 100 GeV 2 . Ff is 
computed in next-to-leading order in a s , includ- 
ing summations of all leading and subleading log- 
arithms of Q 2 and X/x. In that study it is demon- 
strated that the structure function data of HI 
and of ZEUS exhibit double logarithmic scaling 
in both x and Q 2 , which is regarded as direct evi- 
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Figure 5. Values of o s (-Et) extracted from the one- 
jet inclusive jet cross sections from CDF as a function 
of the the jet transverse energy Et, together with the 
QCD expectations based on NLO perturbation theory 
and the MRSA' particle density function (from |25|). 
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Figure 6. Values of a a (so) from the data on R T (so)- 
The inner band represents experimental, the outer 
band the sum of experimental and theoretical uncer- 
tainties. The dashed line shows the running coupling 
constant in G(a%) QCD. (From Q) 



dence for the running a s [[24| . A QCD fit to these 
data finally gives a 8 (M z o) = 0.120±0.005±0.009, 
where the first error is experimental and the sec- 
ond theoretical. This is in good agreement with 
the result from jets described above, and also with 
the world average of a s (M z o), see section 7. 



5. JETS IN HADRON COLLISIONS 

Similarly as in deep inelastic lepton-nucleon 
scattering, hadron colliders provide the opportu- 
nity to simultaneously probe QCD in a wide range 
of momentum transfers Q. In a recent study [ p5[ 
based on the one-jet inclusive transverse energy 
(Et) distribution measured at the Tevatron p6| , 
values of a s (Q = Et) are determined over a wide 
range of energies, Et = 30 to 500 GeV. 

The results of this study are shown in Fig. 5. 
The values of oi s (Et) are seen to decrease with in- 
creasing Et, in good agreement with the QCD ex- 
pectations of a running coupling strength (shaded 
area). A simultaneous QCD fit to these data 
results in a s (M z o) = 0.121 ± 0.001 (stat.) ± 
0.008 (syst.) ± 0.005 (theor.), which is in ex- 
cellent agreement with other measurements, see 
section 7. 



6. RUNNING a s FROM r DECAYS 

Measurements of the ratio of the hadronic and 
leptonic branching fractions of the r lepton, R T , 
have provided precise values of a s at the energy 
scale of the r-mass, Q = M T — 1.777 GeV, see 
e.g. ]l3| , p7t and references quoted therein. Re- 
cently, a new test of the energy dependence of a s 
was proposed |2^] , based on the r decay rate into 
hadrons of invariant mass squared s smaller than 
a threshold value Sq: 

r(r — > v T + hadrons; s < sq) 



Rt(s ) 



r(r — * v r ev e ) 



80 , dR T (s) 



(4) 



The running coupling constant a s (so) is extracted 
from the inclusive hadronic spectrum dR T (s)/ds 
measured by ALEPH and CLEO US in thc 
low energy region 0.7 GeV 2 < s < M 2 where a s 
is expected to change by almost a factor of two. 

Theoretical predictions for R t (sq) include per- 
turbative terms which are complete to 0(al) 
as well as estimates of nonperturbative contri- 
butions using the operator product expansion 
H^,^]. Assuming global parton-hadron duality, 
a s can thus be determined from each measured 
value of R t (sq). 
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The results of the study of ref. (28) are shown in 
Fig. 6. Since values of a s extracted from R t (sq) 
are correlated with each other, the fit results are 
displayed as a band. The dashed curve shows the 
QCD expectation of the running coupling con- 
stant calculated in O(o.f), normalised to the data 
at s = M%. 

The observed energy dependence is in excellent 
agreement with the QCD prediction of the run- 
ning a s in 0(a!g). In addition, the data show 
a distinct preference for the 3-loop /3-function 
(Eq. 2), compared to the leading order (1-loop) 
one (2^] . The overall value for a s , including esti- 
mates of higher order perturbative uncertainties, 
results in a s (M T ) = 0.33 ± 0.03 or, equivalently, 
in a s (M z o) = 0.119 ±0.004. 

7. WOLRD SUMMARY OF a s 

Having discussed the current tests of asymp- 
totic freedom from measurements based on single 
observables like jet rates, jet-Sr-spectra and r- 
decays, the overall summary of all available a s 
determinations remains to be updated (see e.g. 
H||,[l3 30 1 for previous reviews). 

An update of the summary given in (b|] is pre- 
sented in Table 1. Graphical presentations of the 
running coupling a s (Q) and of the results extrap- 
olated to a s (M z o), using the 3-loop expansion 
(Eq. 2) and treating heavy flavour thresholds ac- 
cording to ref. p2| , are given in Figs. 7 and 8, 
respectively. The most recent changes and addi- 
tions are discussed in the following subsections; 
see ]l3[ ] for comparison. 

7.1. a s from Sum Rules 

The results from the Gross-Llewellyn-Smith 
and the Bjorken sum rules |33|j3^ ] have been re- 
tained; a preliminary update of the Bjorken sum 
rule result from the CCFR collaboration (see e.g. 
p^l ) exists but is not included here because the 
final publication is still missing. 

7.2. a s from r Decays 

In the previous report p^| , a s from r decays 
was obtained from a compilation of measurements 
of the ratio of the hadronic to the leptonic r 
branching ratios, R T . Meanwhile, several new 
measurements of this quantity became available 
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Figure 7. A Summary of measurements of a s , com- 
pared with QCD expectations for four different values 
of Ajjg which are given for Nf = 5 quark flavours (re- 
lation between a B and A-j^-g- in 0(as))- 



(see |27],|36j and references quoted therein). In- 
stead of deriving an updated value of a s from 
R Tl the results from the study described in sec- 
tion 6, namely from the hadronic invariant mass 
distribution of r decays, R t (sq), is taken. This 
result is identical to the one derived from a recent 
evaluation of a s and its overall uncertainty from 
R T f§: a s (M T ) = 0.33 ±0.03. 

7.3. a s from Deep Inelastic Scattering 

In addition to the earlier results from fixed tar- 
get experiments p9| , p0| , the new values of a s from 
HERA, discussed in Sect. 4, are included. 

7.4. a s from Lattice QCD 

The values of a s {Mzp) from lattice QCD calcu- 
lations, based on measurements of heavy quarko- 
nia mass spectra, slowly but gradually increased 
during the past few years. These changes are 
mainly due to the availability of unquenched cal- 
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Figure 8. A Summary of measurements of a s (M z o), 
as listed in Table 1. Filled symbols are derived using 
O(af) QCD; open symbols are in O(a^) or based on 
lattice calculations. 



culations (i.e. including dynamical light quark 
flavours) and to more refined procedures to con- 
vert the lattice coupling to the running coupling 
of perturbative QCD. A recent summary of these 
results gives a s (M z o) = 0.115 ± 0.002 @, which 
is taken over for this review. There are, however, 
unpublished reports which result in a s (Mzo) = 
0.118 ±0.002, see e.g. @. 

7.5. a s from Hadron Collsions 

The previous, preliminary determination of a s 
from a measurement of the bb cross section was 



updated and finally published in 43 . 

Results on a s from pp — > W jets [ 44|,|^| which 
were considered in previous compilations are no 
longer included since the QCD calculations on 
which they are based are not complete to next- 



to-leading order. A recent study of this process 
from DO reports that calculations which are com- 
plete to NLO do not provide a reasonable fit of 
the data @. 

The result on a s from the one-jet inclusive E t - 
distribution, as discussed in Section 5, is a new 
entry in Table 1. 

7.6. a s from the Z° Line Shape 

The value of a s {Mifi) derived from the 
hadronic width of the Z° boson was continu- 
ously updated during the past years, accord- 
ing to the increasing data statistics of the four 
LEP experiments. Not all of these updates were 
published in journals, however they are docu- 
mented as CERN preprints which are commonly 
available. In this review, the result which was 
documented last before this conference is taken, 
a s (M z a) = 0.126 ±0.006. @. 

7.7. a s from Event Shapes at LEP-1.5 

Three of the LEP experiments have published 
determinations of a s from the data taken at e + e _ 
cm. energies between 130 and 136 GeV 48, 
[l9|Jl9| l. Each experiment collected about 5 pb^ 1 
of data, corresponding to only about 300 non- 
radiative hadronic events per experiment. Due 
to the large statistical uncertainty of each exper- 
iment, only the combined value of a s from LEP- 
1.5 can provide a meaningful test of the running 
coupling. 

The results of a s from jet rates and from 
hadronic event shapes at LEP-1.5 are summarised 
in Table 2. There is good agreement between the 
experiments, within the statistical uncertainties. 
The average result is a s (133 GeV) = 0.112±0.009 
or, equivalently, a s (M z o) = 0.118 ±0.009, which 
is compatible, within the experimental errors, 
with the value which was directly obtained at the 
Z° resonance, a s (M z o) = 0.121 ± 0.006. 

7.8. World Average of a s (M z o) 
Averaging the values of a s (Af z o) from Table 1, 

cither unwcigthcd or weigthcd by the inverse 
square of their errors, gives [j] ol(Af z o) = 0.118 in 
both cases. This value has been remarkably sta- 



^The result which is based on lattice QCD is not included 
when computing the weigthed average; see Section 7.4 for 
justification. 
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ble during the past few years, see e.g. p|,p| ; ^3pp| 
for previous reviews. From Fig. 8 it can be seen 
that all results of a s are compatible with this 
world average, within the errors assigned to the 
measurements. 

The errors of most a s results are dominated by 
theoretical uncertainties, which are estimated us- 
ing a variety of different methods and definitions. 
The significance of the quoted errors is largely un- 
known; they are neither gaussian nor are the cor- 
relations between different measurements known. 
A "correct" calculation of the overall uncertainty 
of q^{M%o) is therefore not possible. 

Some methods were proposed to compute the 
overall error from the individual ones, either by 
rescaling the latter or by constructing an ad-hoc 
correlation matrix such that the overall x 2 devia- 
tion from the mean value is equal to the number 
of degrees of freedom (i.e. to n — 1, where n is 
the number of individual measurements) [[l0| , j50|| . 
If applied to the results listed in Table I, these 
methods suggest that A^(M z o) ~ 0.003.. .0.005. 

Since most of the errors listed in Table I are not 
gaussian but rather indicate probability distribu- 
tions of rectangular shape (however still with un- 
known correlations between each other), a more 
pragmatic and conservative estimate of the over- 
all uncertainty of 7I^(M z o) is therefore applied: 
counting the relative number of entries in Ta- 
ble 1 whose central values are within ±Ao7 of 
ol(Af z o) = 0.118, one gets about 45% for Aa^ = 
0.003, 60% for 0.004, 75% for 0.005, 90% for 
0.006, 95% for 0.008 and 100% for 0.008. A 90% 
"confidence level" seems to be a reasonable and 
safe estimate for Aa7, such that the world average 
is quoted to be 

57(M z o) =0.118 ±0.006 , 

which corresponds, in ©(ai?) and for Nf — 5 or 4 
flavours, to 

A TTs = 210 ^5 MeV, or = 295±|g MeV. 

The world average is indicated by the vertical line 
and the shaded area in Fig. 8. 

7.9. Systematic Differences in a s (Mzo)? 

In previous reviews the observation was made 
that measurements which are obtained at energy 



scales of 5 GeV < Q < 20 GeV are systematically 
low, corresponding to a s (M-zp) ~ 0.112, while at 
Q « M T and Q > 30 GeV the results tend to be 
higher, a s (Mzo) ss 0.120 and 0.122, respectively. 
Speculations about the origin of these differences 
include the existence of a light, neutral, coloured 
object of spin 1/2 (e.g. a gluino), a possible de- 
pendence on the scattering process (e + e~ anni- 
hilation or deep inelastic scattering) or effects of 
quark masses which are not included in the cur- 
rent higher order QCD calculations [ [l3| . 

In general, these systematic but hardly conclu- 
sive differences are still visible in this summary, 
see Table 1 and Figure 8. However, the most 
recent results of a s from deep inelastic scatter- 
ing at HERA and from jet production in hadron 
collisions underline the tendency towards higher 
values of a s (Mzo), in agreement with those from 
c + c~ annihilation, and the detailed studies of 
hadronic r-decays provide consistent results, too. 
Therefore the hyptheses of a process dependence 
of a s or of the existence of light gluinos are not 
very likely to explain the suspected differences. 
The most probable origin of those, if significant 
at all, could be the absence of heavy quark mass 
effects in the current QCD calculations, which 
would affect the results from data with energies 
close to the quark thresholds most. 

Next-to-leading order calculations including 
quark mass effects are currently being worked on. 
This, together with the ongoing efforts to deter- 
mine a s from the yet increasing amount of data 
from various processes, has the potential to de- 
crease systematic uncertainties and to resolve the 
cause of the differences which are still being ob- 
served. 

8. Conclusion 

Asymptotic freedom, which is the key feature 
of the theory of strong interactions, has been suc- 
cessfully tested in various experimental studies. 
Perhaps the most intuitive and direct method, 
the study of the energy dependence of 3-jet event 
production rates in c + c~ annihilation, i?3, began 
to provide evidence for the running of a s already 
in 1988. These studies, carried out by various ex- 
periments in a large range of cm. energies, are 
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based on the JADE-EO jet algorithm for which, 
at constant jet resolution, hadronisation correc- 
tions are small enough such that R3 is directly 
proportional to a s . With the availability of the 
LEP data the evidence developed into a proof of 
asymptotic freedom, demonstrating that a s de- 
creases with increasing energy, as predicted by 
QCD. 

Further significant tests became available in 
the past two years: jet rates in ep-collisions at 
HERA and 1-jet inclusive transverse energy dis- 
tributions in hadron collisions, measured by sin- 
gle experiments in large regions of the energy 
scale, provide the possibility to determine the en- 
ergy dependence of a s while minimising system- 
atic point-to-point uncertainties. A new analysis 
based on invariant mass distributions of hadronic 
r-decays demonstrates the running of a s in the 
energy range of 0.7 GeV 2 < Q 2 < M 2 , where the 
coupling changes by almost a factor of two. 

In addition to these dedicated tests, the world 
summary of measurements of a s , in the energy 
range of M T < Q < 133 GeV, provides com- 
pelling evidence for asymptotic freedom. Within 
their assigned uncertainties, all measurements are 
compatible with the QCD expectation of a run- 
ning a s . 

Extrapolated to a common energy scale, us- 
ing Equations 1 and 2 and treating quark flavour 
thresholds as described in the measure- 

ments of a s average to 

a s (M z o) = 0.118 ±0.006 . 

The overall uncertainty of 0.006 corresponds to a 
simple estimate of a "90% confidence level" , de- 
rived from the scatter of the individual results. 
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Process 



Ref. 



Q 

[GeV] 



a s (Q) 



g s (M z o) 



Aa s (M z o) 
exp. thcor. 



DIS [v; Bj-SR] 
DIS [v; GLS-SR] 

r-decays 

DIS [u; F 2 and F 3 ] 
DIS [/x; F 2 ] 
DIS [HERA; jets] 
DIS [HERA; F 2 ] 

QQ states 
J/* + T decays 

e + e" [cr h ad] 
e + e~ [ev. shapes] 
e + e~ [ev. shapes] 

pp — > bbX 
pp, pp -> 7X 
c(pp -> jets) 

e+e" -> Z°: 
r(Z° -> had.) 
had. event shapes 
had. event shapes 



e + e [ev. shapes] 



[33] 
[34] 

38l]2S 



[39] 
[40] 



[20 21] 



[41] 
[51] 

[52] 
[53] 
[54] 

111 
[55] 

[25] 



[47] 
[13] 
[13] 



Tab. 2 



1.58 
1.73 

1.78 

5.0 
7.1 

10 - 60 
2 - 10 

5.0 
10.0 

34.0 
35.0 
58.0 

20.0 
24.2 
30 - 500 



91.2 
91.2 
91.2 

133.0 



n Q*7^ + 0.062 

0.32 ±0.05 



0.330 ±0.030 



0.193 



+ 0.019 



0.018 

0.180 ±0.014 



0.203 ±0.007 



0.167 



+ 0.015 
- 0.011 



1 46 + 031 

U.1W _ 0.026 

0.14 ±0.02 
0.132 ±0.008 

n U r + 0.018 

11.14:0 _ Q lg 

n -,07 + 0.017 



0.126 ±0.006 
0.119 ±0.006 
0.122 ±0.006 

0.112 ±0.009 



n 1 99 + 0.005 

u.izz _ Q oog 

0.115 ±0.006 



0.119 ±0.004 

0.111 ±0.006 
0.113 ±0.005 
0.120 ±0.009 
0.120 ±0.010 



0.113 



0.124 



± 





002 


+ 





007 







005 


+ 





021 







019 


± 





014 


± 





007 



± 





011 


+ 





012 







008 


± 





009 



0.112 



0.126 ±0.006 
0.119 ±0.006 
0.122 ±0.006 

0.118 ±0.009 



0.005 

0.001 

0.004 
0.003 
0.005 
0.005 

0.000 
0.001 



+ 0.021 

- 0.019 



+ 0.007 
- 0.006 

0.006 
0.001 



0.005 
0.001 
0.001 



0.003 

0.004 

0.004 
0.004 
0.007 
0.009 



0.002 

+ 0.007 
- 0.005 



0.003 0.007 



+ 0.008 

- 0.009 
+ 0.010 

- 0.005 

0.009 



0.003 
0.006 
0.006 



0.003 0.009 



Table 1. World summary of measurements of a a . Abbreviations: DIS = deep inelastic scattering; GLS-SR = 
Gross-Llewellyn- Smith sum rules; Bj-SR = Bjorken sum rules; (N)NLO = (next-)next-to-leading order perturba- 
tion theory; LGT = lattice gauge theory; resum. = resummed next-to-leading order. 



Exp. 


Ref. 


a s (133 GeV) 


a s (M z o) [LEP-1.5] 


a s (M z o) [LEP-I] 




ALEPH 
L3 

OPAL 


1 
1 
1 


49 
48 
19 


1 


0.119 ± 0.005 ±0.007 
0.107 ± 0.005 ±0.006 
0.110 ± 0.005 ±0.009 


0.126 ±0.006 ±0.008 
0.113 ±0.006 ±0.007 
0.116 ±0.006 ±0.010 


0.120 ± 0.002 ±0.007 
0.125 ±0.003 ±0.008 
0.120 ± 0.002 ±0.006 


0.95 
1.8 
0.63 


Average 




0.112 ±0.003 ±0.008 


0.118 ±0.003 ±0.009 


0.122 ±0.001 ±0.006 


0.95 



Table 2. Summary of measurements of a s at LEP-1.5 (< E cm > = 133 GeV). The first errors are experimental, 
the second theoretical. The last two columns give the results of a B (M z o) previously obtained at the Z° resonance 
(LEP-I) and the number of standard deviations between the LEP-I and LEP-1.5 results, respectively, taking only 
experimental errors into account. 



